Abstract -It has been shown in [l] that the throughput-delay performance of a CDMA ALOHA network, where each station is assigned a spreading code so that each effectively has its own 'virtual channel', and where channel sensing and collision detection are also used, is much better than that of a simple CSMA-CD network. Such a system, however, is difficult to implement. A simpler system that may provide good performance and that is easy to implement is a CDMA ALOHA network with just channel sensing. The channel sensing can be provided by a simple correlator and threshold device. In this paper, the performance of such a network is investigated, and some comparisons are made with those of the simple CSMA-CD network and the CDMA ALOHA network with both channel sensing and collision detection. It is shown that when the CDMA-CS network is stable, its performance is not much worse than that of a CDMA-CS/CD network, and much better than that of a simple single channel CSMA-CD system.
INTRODUCTION
It has been shown in [I] that a full-duplex CDMA ALOHA network with channel sensing and collision detection (which we shall call a CDMA-CS/CD network) has a much better throughput-delay performance compared to a simple CSMA-CD network. The implementation of a CDMA-CS/CD network, however, is not simple, as either a separate receiver needs to be included in each station to be used for both channel sensing and detection of packet collisions, or each time slot needs to be divided into two, with a longer portion for information transmission, and a shorter portion for handshaking. I f the former method is employed, because of the near-far problem [2] , the collision detection receiver must be isolated from the station's transmitter so that it wouldn't be overwhelmed by the station's own strong signal. If the latter approach is adopted, with the first packet transmitted acting as a reservation packet, somewhat similar to the halfduplex network studied in [3] , then a portion of each slot must be freed from information transmission in Fax.: (852) 2559 8738 order for handshaking to be done without interference. This is an overhead that lowers the efficiency of the network.
A solution that readily comes to mind is to use channel sensing only and not collision detection in the CDMA network. Its performance will not match that of a CDMA-CS/CD network as some collisions will occur and some slots will be wasted, but its simplicity and its improvement in performance over a simple CSMA-CD network may make such networks practical. In this paper, we shall evaluate the performance of such a CDMA-CS network and show that its performance, though not as good as that of a CDMA-CSED network, is much better than that of a simple CSMA-CD system.
In Section 11, we shall describe the model for the full-duplex CDMA-CS network and discuss how it can be implemented. This model is analyzed using Equilibrium Point Analysis (EPA) in Section 111. Some numerical results are presented in Section IV, and comparisons of the performance of the CDMA-CS network with those of the CDMA-CS/CD and CSMA-CD networks are also given. The paper ends with Section V where some conclusions are provided.
NETWORK MODEL
Time is divided into slots, each of duration T , which is long enough for transmission from any station to reach all other stations in the network. Each station is assigned a specific spreading code, as in the "receiver-based code" scheme of [4] , or a specific phase of the same spreading code if the system is synchronized, as in the CPA networks of [5] , with which it will receive messages. Stations waiting to be presented with new messages are called idle and they are presented with newly generated messages at the rate of S per slot, where s < 1 and can therefore be treated as the message generation probability per slot for each station. Once a new message arrives at an idle station, it will activate its sensing receiver to sense the channel of the intended recipient k . This sensing receiver can be made up of just a correlator and a threshold device as all it needs to do is load the correlator with the spreading code of the intended receiver and determine if the energy output of the correlator at the carrier frequency exceeds a certain threshold. If it does, the station will assume that some other station is transmitting down channel k and enter the blocked mode.
Should the station sense that the channel of the intended receiver is free, it will start transmitting the message with probability one during the next slot. If no other stations start transmission during the same slot down channel k , then the station is said to have captured the channel. Should one or more other stations attempt to transmit during that slot down channel k , then a collision of messages will occur and the channel is said to be wasted. Messages are made up of a random number of packets, each taking z to send, which is geometrically distributed with an average of I . The captured or wasted channels, which we shall call "busy", will thus remain in their state on average for I slots. Stations are assumed to know immediately at the end of the transmissions whether the transmissions are successful. This is obviously an approximation as in practical systems, stations will only know whether they are successful when they receive acknowledgment packets. In a lightly loaded network, however, this approximation is good since recipients can acknowledge messages almost immediately.
Blocked stations will carry on sensing the channel of the intended receiver until it becomes free, and then attempt to retransmit with probability p during each subsequent slot. Stations which are unsuccessful in their transmissions because of message collisions also enter the blocked mode when they finish their unsuccessful transmissions, and they too will attempt to retransmit with probability p each slot after sensing that the channel of the intended receiver is free. Stations are assumed to have only one buffer to hold messages, so blocked stations will refuse any new messages until they become idle again.
For a very lightly loaded network, even the simple sensing receiver may not be needed, and stations may use their receivers for both channel sensing and information reception. The only inaccuracies caused by this to the analysis to be presented are: i) stations already receiving messages have to defer transmissions till the reception is complete, and ii) some messages may not be received correctly because intended receivers may be sensing some other channels. These occurrences will be rare in a lightly loaded network, and the effects on average behavior caused by such aberrations should be negligible. The behavior of such a network will, however, not be covered in this paper. In the rest of the paper, all stations are assumed to have a separate channel sensing receiver.
The system is also assumed to be ideal and all imperfections such as timing jitter, multi-path fading, finite cross-correlation between signals meant for different stations and noise, are ignored. Messages that do not collide are assumed to be received correctly.
111.
ANALYSIS OF MODEL Equilibrium Point Analysis (EPA) makes use of the fact that the system in the long run will operate near the point in system phase space where the message input balances the message output. The equilibrium point yields the equilibrium message throughput and number of blocked stations, which can then be treated as the average of these values. It was shown in [6], where EPA was first used for a slotted ALOHA system, and where it was called "fluid-flow approximation" that such an approximation is good provided that the system has a large number of stations and that the system has only one equilibrium point.
Let us consider a CDMA channel-sensing network with N stations. First we wish to determine if a system will be stable and uncongested, as defined in [6] . Suppose the system has no idle stations. For a busy channel k with nk blocked stations, the increase in nk is just the average of newly generated messages meant for receiver k .
This is
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For a free channe1.k with nk blocked stations, the increase in blocked stations is
The decrease in nk for the free channel k is just the probability of a blocked station capturing the channel, which is
A busy channel will remain captured or wasted on average for 1+1 slots, I slots to finish transmission, whether successful or not, and one more for all the stations to realize that the channel is free. A free channel will stay free for I, = 1/ p, slots before becoming busy, where p, is the probability of the free channel being wasted or captured.
(4)
The average increase in the number of blocked stations at channel k is therefore
For a system to be at equilibrium, the average message input rate Sin = nos must be equal to the message completion rate So,, = n,
where nt is the number of transmitting stations at equilibrium. Thus at equilibrium, the following equation must be satisfied:
where nh is the number of blocked stations and n, is the number of colliding stations. If it can be shown that for all n k , 0 < nk < nh , where eqn. 6 is satisfied , Ank is negative, then the system is unconditionally stable and uncongested, as any channels that become occupied, i.e., have blocked stations trying to transmit down them, will tend to clear themselves of those blocked stations. Since n, is not easily obtainable, we shall consider the worst case, i.e., where nh = N -no is maximum, and n, is zero. Thus we check the stability of the system by considering Ank along the curve
Once we have determined that a system is stable and uncongested, we want to find out the equilibrium throughput and delay. To do this, we need to find out where along the curve described by eqn. 7 the system will settle down at. First, we set down all the relationships between no, nc , n, and nh , the number of stations idle, colliding, transmitting and being blocked, respectively. We start with the channel capture rate.
The channel capture rate of an occupied channel depends on how many blocked stations it has. Since stable uncongested systems have occupied channels that tend to clear themselves, we shall assume that all occupied channels at equilibrium have only one blocked station. The good agreement between the numbers obtained from simulation and EPA in Section IV will justify this assumption.
The capture rate when a channel is occupied by just one blocked station is
The capture rate when a channel is unoccupied is
The channel wastage rate for occupied channels is
The channel wastage rate for unoccupied channels is sWu,,, (unocc) = 1 -no -(IOn average, an occupied channel will stay free for
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and on average, an unoccupied channel will stay free for
When a channel is busy, it cannot be captured. Since we assumed that there are nh occupied channels with one blocked station each and N -nh unoccupied channels, the average channel capture rate for the system is therefore
where f , is the fraction of time an occupied channel is free and f,, the fraction of time an unoccupied channel is free. At equilibrium, the capture rate of channels is equal to the message input rate since all messages being transmitted down a captured channel will be successful. Hence For a stable, uncongested system, s << 1, and therefore collisions will usually occur between only two stations, and not more, as each extra station involved in a collision lowers the probability of that collision by roughly a factor of s / N . Thus we shall assume that the average increase in the number of colliding stations at equilibrium for stable, uncongested systems is 2Swaste. This must be equal to the average decrease in colliding stations, so we can obtain the equilibrium number of idle stations noe at the intersection of the two curves. The equilibrium throughput is then S = noes, and the total number of blocked or colliding stations at equilibrium is nhe + nCe = N -noe -S(1+ 1). Using Little's Formula, the delay at equilibrium is just S / ( n , , +rice).
IV.
RESULTS OF EPA AND COMPARISONS Table 1 shows the throughput and delay values for a CDMA-CS network, where N = 25, s = 0.01, 1 = 30 and where p is varied, obtained from both EPA and simulation over 300,000 slots. We can see that the throughputs and delays predicted by EPA match those from simulations when the system is stable. For thep = 0.3 case, the system is unstable, but occupied channels will only accumulate blocked stations, i.e., have Ank >O, when the number of blocked stations exceed 10. Simulation over 300,000 slots was not able to cause this to happen and force the system into the congested region. For the p=O.5 case, an occupied channel needs only 5 blocked stations before it will start accumulating more, and simulation over 300,000 slots was enough to see stations colliding at a common channel, and cause a tremendous drop in throughput, and a corresponding rise in message delays. Table 2 shows the throughput and delay values for simple CSMA-CD and CDMA-CS/CD networks, as well as the CDMA-CS network, for various values of S , p and 1 . All systems have N = 50, and simulations for the CDMA-CS network are done over 100,000 slots. The throughputs and delays shown for the simple single-channel CSMA-CD and the CDMA-CS/CD networks are obtained by EPA and taken from [ 11.
Comparing the throughputs and delays of the CDMA-CS network with those of the simple CSMA-CD and CDMA-CS/CD networks, we see that EPA predicts values for the CDMA-CS network that are only marginally worse than those of the CDMA-CS/CD network, and that are much better than those of the single channel CSMA-CD case. The throughput is practically the maximum possible, Ns, and the message delays almost zero. Simulations over 100,000 slots for the multi-channel CSMA network was not able to yield any collisions, so the values obtained were much better than those predicted by EPA, and essentially the same as those obtained for the CDMA-CS/CD system. Note that the values of S and p are intentionally kept very low so that the simple CSMA-CD system does not enter the congestion region, and cause the throughput to drop so low that comparisons with the performances of the CDMA networks become meaningless.
V. CONCLUSIONS
Since the throughputs and delays offered by the CDMA-CS system are so much better than that of the simple single channel CSMA-CD network, and since a CDMA-CS network is much more easily implementable than a CDMA-CS/CD network, CDMA ALOHA with channel sensing is a form of multiple access that is worth implementing, especially in systems where stations are almost equally likely to transmit to one another, and where short message delays are essential. One added advantage of a CDMA radio network is that if it is lightly loaded, it can be placed in an environment where there are already existing narrow band radio users. The energy in a lightly loaded spreadspectrum channel will look just like weak wideband noise to those users, and pose little interference to them. and CDMA-CS networks. N = 50 and simulations are done over 100,000 slots.
